Introduction {#sec1-1}
============

Occupational and environmental exposure to asbestos fibers can cause respiratory diseases. Epidemiologic studies have shown that exposure to asbestos fibers can produce pulmonary fibrosis (asbestosis), pleural abnormalities (effusion and plaques), and malignancies (bronchogenic carcinoma and mesothelioma).^[@ref1],[@ref2]^ Extensive studies have recognized many important pathogenic mechanisms, yet the precise molecular mechanisms involved and the cross-talk between implicated pathways have not as yet been fully clarified.^[@ref2],[@ref3]^

Literature data have demonstrated that inhalation of asbestiform fibers can bring about various inter-connected pathogenetic lung diseases, represented by chronic inflammation and carcinogenesis. ^[@ref3]^ Previous investigations have analyzed fundamental pathologic changes following asbestos exposure, highlighting critical pathogenic pathways involving oxidative stress, apoptosis, and inflammation.^[@ref5]^ In 1987, the International Agency for Research on Cancer (IARC)^[@ref6]^ classified asbestos as a group 1 (definite) human carcinogen.

The term asbestos, as used herein, refers to a selected category of naturally occurring mineral silicate fibers, including chrysotile (the only serpentine fiber) and amphiboles (*e.g*., crocidolite, amosite, tremolite, anthophyllite, and actinolite).

However, several studies have documented the presence of other fibers that had not been classified amongst the asbestos ones.^[@ref7],[@ref8]^ In particular, all over the world, scientists have found other naturally occurring asbestiform (NOA) fibers in specific geographic sites: Libby fiber, in Montana (USA);^[@ref9]^ erionites, in Central Anatolia (Turkey);^[@ref10]^ fluoro-edenite (FE), in Sicily (Italy).^[@ref11]^ Of these, FE was the latest discovery and the least studied.^[@ref12]^

FE (NaCa~2~Mg~5~Si~7~AlO~22~F~2~) is a NOA fiber recognized and classified in 2001 by the Commission on New Minerals and Mineral Names (IMA: code 2000-049). Epidemiological studies have established its role in causing chronic obstructive lung disease^[@ref22]^ and inflammation.^[@ref12],[@ref13],[@ref15],[@ref21]^ FE has been found as a contaminant of the bentonitic lavas of Mount Calvario's stone quarry, located in Biancavilla, a small town in Eastern Sicily (Italy). The material dug from the cave was used for about 50 years for building homes and paving roads.^[@ref22],[@ref23]^

In Biancavilla, clusters of mortality from malignant mesothelioma (MM) were evidenced by epidemiological studies.^[@ref24],[@ref25]^

These fibers are similar in size and morphology to some amphibolic asbestos fibers (tremolite, actinolite, anthophyllite).^[@ref23]^ Like asbestos, FE has been recognized by IARC as the causing agent of mesothelioma.^[@ref26]^ FE seems to provoke lung damage initially by involving the alveolar structures and subsequently the interstitium, inducing fibrosis.^[@ref27]^ In particular, the *primum movens* occurs at the level of type I pneumocytes with the damage of the cytoplasmic membrane, resulting in loss of cell elements and in a series of reactions including macrophage activation, the release of growth factors and cytokines (IL-1β; IL-6, and TNF-α), metaplastic reconstruction of lung alveoli and fibrosis.^[@ref28]^

FE fibers cause the generation of reactive oxygen species (ROS) and oxidative tissue damage that are involved in the pathogenesis of FE-induced cancers.^[@ref27],[@ref30]^

Investigations of the ability of FE to induce cyto- and genotoxicity in monocyte-macrophage cell line *via* involvement of nitric oxide evidenced that inflammatory disorders appear to increase the risk of lung cancer.^[@ref31],[@ref32]^ It is well known that hydroxyl radicals generated by asbestos fibers mediate inflammatory fibrosis of the lung and DNA damage that may ultimately result in lung carcinoma and mesothelioma.^[@ref33]^

In a study on the mechanisms of asbestos fibers toxic action, it was observed that macrophage migration inhibitory factor (MIF) is one of the first cytokines produced in response to lung tissue damage and it is expressed by a wide variety of cell types, such as T lymphocytes, neutrophils, macrophages, endothelial cells and fibroblasts.^[@ref34]^ Stimulation of macrophages with the pro-inflammatory cytokines TNF-α triggers MIF release^[@ref34]^ that promotes sustained phosphorylation of the ERK1/2 MAPK cascade,^[@ref35]^ leading to pro-proliferative effect, playing a role in alveolar repair.^[@ref36]^

Heme oxygenase-1 (HO-1), a 32-kDa protein, is the inducible HO isoform. It is up-regulated by several stimuli including proinflammatory cytokines and factors that promote oxidative stress.^[@ref37],[@ref38]^ HO-1 protects against oxidative stress and inflammation- induced injury.^[@ref37],[@ref38]^ HO-1 is expressed in many lung cell types including alveolar macrophages, bronchial epithelial cells, and alveolar epithelial cells.^[@ref39]^

Literature data suggest a role of HO-1 in acute and chronic phases in asbestos-induced oxidative stress lung injury.^[@ref40]^

In the present research, we focused our attention on the biological effects due to FE fibers exposure. This study has been conducted on an *in vivo* model of sheep lungs naturally exposed to FE in order to keep insight into the pathophysiological events sustaining fibers exposure by studying the immunohistochemical lung expression of MIF and HO-1.

Expression of HO-1 and MIF protein levels were also detected in human primary lung fibroblasts after exposure to growing concentrations of FE fibers in order to confirm and add more data on molecular/cellular aspects.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Sixty sheep of both sexes (n=60), randomly selected from six exposed flocks (n=360) habitually grazing 3 km from the town of Biancavilla and ten control sheep (n=10), from a flock (n=60) habitually grazing about 50 km from the Biancavilla stone quarry, were sacrificed in a slaughterhouse and used for this study as previously described.^[@ref25],[@ref41]^ *Ante* and *post mortem* examinations were conducted by a veterinary surgeon to establish the state of health of each sheep (according to Community Regulation CE n. 854/04 and council of 29 April 2004). The age range of exposed and control animals was 4.0-6.5 years.

Histology {#sec2-2}
---------

Lung tissue (1 cm^3^) from the right apical lobe and the main and accessory lung lobes were rinsed in phosphate buffered saline (PBS), fixed in 10% buffered-formalin as previously described.^[@ref42]^ After an overnight wash, specimens were dehydrated in graded ethanol, cleared in xylene and paraffin-embedded, preserving their anatomical orientation. Sections (4-5 μm in thickness) were cut from paraffin blocks using a microtome, mounted on sialinatecoated slides and stored at room temperature. The sections were then stained with hematoxylin and eosin (H&E) and examined using a Zeiss Axioplan light microscope (Carl Zeiss, Oberkochen, Germany) for general morphological characterization and to highlight the presence or absence of structural alterations. Finally, representative photomicrographs were captured using a digital camera (AxioCam MRc5, Carl Zeiss).

Immunohistochemistry {#sec2-3}
--------------------

Lung tissues were fixed in 10% buffered formalin for 2 h; after an overnight wash, specimens were dehydrated in graded ethanol and paraffin-embedded. Sections 3-4 μm in thickness were cut, mounted on silane-coated slides (Dako, Glostrup, Denmark) and air-dried. For immunohistochemical analysis, specimens were processed as previously described.^[@ref43]^ Briefly, the slides were dewaxed in xylene, hydrated using graded ethanol and incubated for 30 min in 0.3% H~2~O~2~/methanol solution to quench endogenous peroxidase activity and then rinsed for 20 min with PBS (Sigma- Aldrich, Milan, Italy). Antigen retrieval was performed using a microwave oven (750 W) (5 min x 3) in capped polypropylene slide-holders with citrate buffer (10 mM citric acid, 0.05% Tween 20, pH 6.0; Bio-Optica, Milan, Italy). The blocking step was performed before the application of the primary antibody with 5% bovine serum albumin (BSA; Sigma-Aldrich) in PBS for 1 h in a humid chamber. BSA was used as a blocking agent to prevent nonspecific binding of the primary and secondary antibodies to the tissue sections. Following blocking, the sections were incubated overnight at 4°C with a rabbit polyclonal anti-HO-1 antibody and a rabbit polyclonal anti-MIF antibody (PA5-27338 and PA5-27343 respectively, Thermo Fisher Scientific, Waltham, MA, USA), both diluted 1:100 in PBS. Immune complexes were then treated with a biotinylated antibody and then detected with peroxidase- labeled streptavin, both incubated for 10 min at room temperature (LSAB+ System-HRP, K0690; Dako). The immunoreaction was visualized by incubating the sections for 2 min in a 0.1% 3,3'-diaminobenzidine and 0.02% hydrogen peroxide solution (DAB substrate Chromogen System; Dako). The sections were lightly counterstained with Mayer's hematoxylin (Histolab Products AB, Goteborg, Sweden) mounted in GVA (Zymed Laboratories, San Francisco, CA, USA) and observed with an Zeiss Axioplan light microscope and photographed with a digital camera (AxioCam MRc5; Carl Zeiss Microscopy GmbH, Jena, Germany).

Evaluation of immunohistochemistry {#sec2-4}
----------------------------------

The HO-1 and MIF antibody-staining status were identified as either negative or positive. Immunohistochemical positive staining was defined by the presence of brown chromogen on the edge of the hematoxylin-stained cell nucleus, distributed within the cytoplasm or in the membrane *via* evaluation by light microscopy as previously described.^[@ref43]^

Positive and negative controls were performed to test the specific reaction of the primary antibody used in this study at a protein level. Positive controls consisted of tissue specimens with known antigenic positivity. Sections treated with PBS without primary antibodies served as negative controls. Seven fields, the area of which was about 600.000 μm^2^, randomly selected from each section, were analyzed for morphometric and densitometric analysis. The areas percentage (morphometric analysis) stained with HO-1 and MIF antibodies, was expressed as percentage of positive dark brown pixels present in the analyzed fields. The level (high/low) of staining intensity of positive areas (densitometric analysis) was expressed as densitometric count (pixel^2^) of positive, dark brown pixels of the analyzed fields. The data were calculated using the software for image acquisition AxioVision Release 4.8.2 - SP2 (Carl Zeiss), and expressed as mean ± SD. Statistical significance of results was thus accomplished. Digital micrographs were taken using the Zeiss Axioplan light microscope (Carl Zeiss) fitted with a digital camera (AxioCam MRc5; Carl Zeiss); three blinded investigators, whose assessments were assumed correct if values were not significantly different, made evaluations. In case of dispute concerning interpretation, the case was reconsidered to reach a unanimous agreement.

Human fibroblasts cultures and treatments {#sec2-5}
-----------------------------------------

Primary lines of normal, non-immortalized, human adult lung fibroblasts were kindly provided by Prof. Carlo Vancheri (Department of Clinical and Experimental Medicine, University of Catania, Italy). Human lung fibroblasts were grown in DMEM containing 10% fetal calf serum, 100 U/mL penicillin and 100 μg/ml streptomycin (Sigma-Aldrich) and incubated at 37°C and 5% CO~2~. The medium was changed every three days and subcultures were performed every 10-12 days. In all experiments, cells at a passage earlier than the tenth were used.

FE from Biancavilla was suspended in culture medium and after sonication, added to the experimental cultures at concentrations of 10, 50 and 100 μg/mL (1.06, 10.6, and 21.2 μg/cm^2^) for 72 h before cell harvesting.

Western blot {#sec2-6}
------------

Western blot analysis was performed as already reported by Graziano *et al*.^[@ref44]^ Untreated or FE-treated human fibroblast cultures were scraped, transferred into 50 mL conical tubes and centrifuged at 1500 × g for 5 min. After twice washing with 1x PBS, the pellets were treated with lysing buffer M-PER Mammalian Protein Extraction Reagent (Pierce, Fisher Scientific, Milan, Italy) and vortexed for 30 min on ice. The protein lysates were centrifuged at 15,000 × g for 15 min at 4°C. The supernatants were transferred into a new tube and the protein quantification was performed by the bicinchoninic acid assay (BCA assay; Pierce, Fisher Scientific). Equal amounts of proteins (30 μg) were separated by 4-12% Bolt gel electrophoresis (Thermo Fisher Scientific) and transferred into transfer stacks of nitrocellulose (Thermo Fisher Scientific) by iBlot Gel Transfer Device (Thermo Fisher Scientific, Waltham). The membranes were stained with Ponceau S solution to verify transfer efficiency. The immunodetection steps were automated by iBind Flex Western System device (Thermo Fisher Scientific), according to manufacturer's instruction. The following antibodies were applied: the rabbit polyclonal anti-HO-1 antibody and the rabbit polyclonal anti-MIF antibody, both at 1:500 dilution (PA5-27338 and PA5-27343 respectively, Thermo Fisher Scientific) and the mouse monoclonal anti-α-tubulin (T9026, Sigma-Aldrich) at 1:5000 dilution. The goat anti-rabbit and the goat anti-mouse IgG-HRP were from Santa Cruz Biotechnology, Milan, Italy. The detection step was performed using an enhanced chemiluminescent solution (Pierce, Fisher Scientific) and the Uvitec Alliance LD9 imaging system (Uvitec, Cambridge, UK). Densitometrical analysis and the relative quantification were performed by UVITEC Alliance software (Uvitec). Values were expressed as a percentage of volume respect to unexposed cell (control) corrected by loading control volume of each sample. Experiments were performed in triplicate.

Statistical analysis {#sec2-7}
--------------------

Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA). Unpaired *t-*test with Mann Whitney test was used and P-values of less than 0.05 (P\<0.05) were considered statistically significant. Western blot assays were performed three times and the results represented as mean ± SD of the percentage of HO-1 and MIF proteins with respect to untreated cells. Western blot data analysis was done using one-way ANOVA with multiple comparisons testing respect to untreated cells.

Results {#sec1-3}
=======

Histology {#sec2-8}
---------

The histopathological examination (H&E; *not shown*) demonstrated the presence of FE fibers that were scattered in the lung tissue of exposed sheep, in close contact with alveolar epithelium and interstitium as already reported in our previous studies.^[@ref27],[@ref45]^ The analysis showed a fibrotic interstitium accompanied by a thickening of the bronchiolar mucosa. The alveolar walls were also damaged by the reactive process and showed clusters of FE fibers. These histological alterations were greater where FE fibers were deposited.

Immunohistochemistry {#sec2-9}
--------------------

Immunohistochemistry (HIC) evaluation demonstrated the expression of both HO-1 and MIF in the lung tissue of sheep exposed to FE fibers. In [Figure 1](#fig001){ref-type="fig"} are reported the images of lung tissue sections of exposed and not exposed sheeps.

Densitometric and morphometric analyses {#sec2-10}
---------------------------------------

Densitometric and morphometric analyses of HO-1 and MIF stained areas, evaluated in the lung tissue of not exposed sheeps, demonstrated that non-significant traces of HO-1 and MIF immunostaining were present ([Figures 1](#fig001){ref-type="fig"} and [2](#fig002){ref-type="fig"}).

In exposed sheep lung, an immunoexpression of MIF was spread throughout the tissue, involving the intra-parenchymal stroma around bronchioles, the interstitium between alveolar epithelium, and macrophages ([Figure 1 A2](#fig001){ref-type="fig"}). Exposed sheep lung showed also a high HO-1 immunoexpression involving also the intraparenchymal stroma around bronchioles and the interstitium between the alveolar epithelium ([Figure 1 B2](#fig001){ref-type="fig"}).

From the densitometric analysis of the level of staining intensity of positive areas, expressed as densitometric count (pixel^2^) of positive dark brown pixels of the analyzed fields, revealed that in exposed lungs the strong MIF and HO-1 immunostaining were similar (P\<0.05); more intense immunostaining of MIF was particularly high in macrophages ([Figure 1 A3](#fig001){ref-type="fig"}). For the morphometric analysis, the percentage of positive dark brown pixels present in the analyzed field of HO-1 and MIF immunostained area was considered. From the immunolabeling extension analysis, the percentage of HO-1 and MIF immunostained areas were very much higher in exposed lungs compared with the not exposed ones (P\<0.05), in which no sign of immunostaining was identified by the software used for image analysis ([Figure 3](#fig003){ref-type="fig"}).

Sections used as a negative control for IHC, treated with PBS and without the primary antibody, showed no HO-1 and MIF immunostaining, as expected (*data not shown*).

Expression of HO-1 and MIF protein levels in human primary lung fibroblasts {#sec2-11}
---------------------------------------------------------------------------

The HO-1 and MIF protein levels were evaluated in fibroblasts exposed to 10, 50 and 100 μg/mL of FE fibers for 72 h, in order to confirm *in vitro* the results obtained *in vivo* and verify if data from animal samples could be extended to humans. The concentrations were selected within the range used by us and many other authors for asbestos fibers.^[@ref30]^ The length of the fibers ranged from 12 to 40 mm, and diameters ranged from 0.4 to 1 mm.^[@ref11]^

As shown in [Figure 4 A](#fig004){ref-type="fig"},[B](#fig004){ref-type="fig"} a marked and concentration-dependent increase of HO-1 protein expression was observed in fibroblasts incubated with FE, respect to the unexposed controls. Specifically, the cells treated with 10 μg/mL of FE reported a slightly and non-significant change in HO-1 protein expression compared with the untreated cells. However, the induction of significantly higher protein levels of HO-1 was reported following FE exposure at concentrations of 50 and 100 μg/mL (\*P\<0.05; \*\*P\<0.01; [Figure 4B](#fig004){ref-type="fig"}). As about MIF protein, its basal level was very low in human untreated fibroblasts and a weak non-significant increase was detected ([Figure 4C](#fig004){ref-type="fig"}) in presence of FE, suggesting that *in vivo* a more complex interaction sustained by communication of different cell types should be at play.

Discussion {#sec1-4}
==========

Epidemiological studies have shown that exposure to FE correlates directly with increased pulmonary chronic obstructive diseases and morbidity and mortality.^[@ref23]^

However, the mechanisms by which the fibers may cause cellular and molecular toxicity are still not clearly known.^[@ref48]^ To gain further insight into the defense and protection mechanisms and to follow up on our previous studies, we investigated MIF and HO-1 immunohistochemical *in vivo* expression using sheep lungs, which are comparable in architecture, volume and respiratory physiological parameters to human lungs.^[@ref55]^ Therefore, the sheep model of asbestosis is an excellent tool to elucidate the pathophysiology of interstitial lung activity.^[@ref27]^

Asbestos fibers are known to induce biological effects in association with the production of ROS and corresponding cellular injury by the oxidation of proteins and DNA after exposure.^[@ref8]^ These effects, in turn, mediate inflammatory fibrosis of the lung with inflammatory cytokines release, stress response and DNA damage, which may ultimately result in lung carcinoma and MM.^[@ref3],[@ref33]^ The persistence inflammation leads to increased pulmonary damage and contributes to the onset of chronic pulmonary diseases.^[@ref8]^

In this contest, MIF plays a role in the response of a wide range of models of tissue injury. Its activity is associated with tissue repair,^[@ref56]^ cell proliferation, protection from apoptotic stimuli.^[@ref60]^ In particular, several researchers have concentrated their efforts on studying MIF role in lung injury and repair.^[@ref57],[@ref61]^ As other cytokines, MIF is produced in response to lung tissue damage and the inflammatory response triggers MIF release by macrophages.^[@ref34]^ Due to the pro-proliferative effects, MIF plays a role in alveolar repair by starting alveolar epithelial type II (AEC-II) proliferation and hyperplasia followed by differentiation into AEC-I, restoring the air-blood barrier.

In response to FE exposure, our results underline an immunoexpression of MIF in sheep lungs interalveolar stroma, around bronchioles, and in macrophages. While only a slight (non-significant) increase of MIF expression was observed in human primary lung fibroblasts exposed at higher concentrations (50 and 100 μg/mL) of FE fibers. Thus, it can be assumed that *in vivo* after inhaled FE reaches the peripheral air spaces, where it is incorporated by activated alveolar macrophages, causing the release of MIF and triggering an inflammatory response in a more complex interaction sustained by communication of different cell types, not observable *in vitro*. On the other hand, MIF was found in media of fibroblast cell lines that were continuously growing. Its release was dependent on activation of the cells to enter the mitotic cycle, particularly on cells in S phase. When fibroblasts were contact inhibited little or no MIF was found in media.

FE migration and macrophage activation damage adjacent cells, including AEC-I, disrupting epithelial integrity and facilitating the spread of growth factors and cytokines to the interstitium. As part of the healing process, AEC-II undergoes hyperplasia followed by interstitial fibrosis.^[@ref64]^ In this scenario, MIF, released in the alveolar compartment by macrophages, may represent the principal actor that moves to epithelial proliferation and may contribute to alveolar repair, representing a defense mechanism against FE insult; even though MIF, being released by macrophages, may be involved also in fibroblast fibrogenic response.

FE migration and macrophage activation damage adjacent cells, including AEC-I, disrupting epithelial integrity and facilitating the spread of growth factors and cytokines to the interstitium. As part of the healing process, AEC-II undergoes hyperplasia followed by interstitial fibrosis.^[@ref64]^ In this scenario, MIF, released in the alveolar compartment by macrophages, may represent the principal actor that moves to epithelial proliferation and may contribute to alveolar repair, representing a defense mechanism against FE insult; even though MIF, being released by macrophages, may be involved also in fibroblast fibrogenic response.

In response to FE exposure, our results underline a significantly increase of HO-1 expression in human primary lung fibroblasts exposed at higher concentration (50 and 100 μg/mL) of FE fibers and an *in vivo* HO-1 immunoexpression in sheep lung interalveolar stroma (involving alveolar epithelium and macrophages), around bronchioles. These data support the concept that changes in the cellular redox status brought on by cigarette smoke induce HO-1 in fibroblasts. Although some published data have shown that changes in the cellular redox status brought on by cigarette smoke induce HO-1 in fibroblasts, further new studies have been planned to evaluate the effects of FE also on monocyte/macrophage lines. Moreover, since the depletion in GSH, ascorbic acid and alteration in GSH redox system enzymes was observed in fibrosis and carcinogenesis induced by chrysotile, but never by FE, it would be appropriate to investigate the changes in the oxidative status FE-induced and their involvement in the FE negative biological effects.

![A1) MIF IHC section of non-exposed sheep (magnification 200x). A2) MIF IHC section of exposed sheep; the fibrotic interstitium showed a strong scattered immunoreaction; green arrow indicates the intra-parenchymal stroma around a bronchiolar structure, yellow arrow shows MIF macrophages immunodetection while red arrow indicates FE deposit fibers (magnification 200x). A3) MIF immunostaining software image analysis of panel A2, in which mainly a high immunostained area (red color) was detected (magnification 200x). B1) HO-1 IHC section of non-exposed sheep (magnification 200x). B2) HO-1 IHC section of exposed sheep; in the lung fibrotic tissue, a strong and widespread immunostaining was demonstrated throughout the interstitium (black arrow) and bronchiolar structures (red arrow) (magnification 200x). B3) HO-1 immunostaining software image analysis of panel B2, in which mainly a high immunostained area (red color) was detected (magnification 200x).](ejh-64-2-3073-g001){#fig001}

HO-1 overexpression has been demonstrated to prevent DNA damage and cell transformation;^[@ref66]^ however, in the later stages of tumorigenesis HO-1 enhances growth and survival of cancer cells.^[@ref67]^ HO-1 is upregulated by pro-inflammatory cytokines that promote oxidative stress. It catalyzes the oxidation of heme into three reaction products: biliverdin, carbon monoxide (CO) and iron.^[@ref70],[@ref71]^ Biliverdin turns into bilirubin that is a powerful antioxidant.^[@ref72],[@ref73]^ CO has anti-proliferative effects and anti-inflammatory properties in response to pathological injury.^[@ref74]^ Labile iron induces the production of ferritin that binds iron deposits, thus reducing the oxidative stress and playing an important role in the antioxidant response to ironmediated ROS generation.^[@ref75]^ Some investigations on FE exposure on sheep model were carried. Martinez *et al*.^[@ref27]^ investigated the pathological consequences of the inhalation of FE fibers, connected to apoptotic processes and histological alterations of lung structure through the expression of TNF-related apoptosis inducing ligand (TRAIL) and its receptor DR5, and of MMP-13 implicated in the breakdown of extracellular matrix. Furthermore observed the over expression of the MMP-13, mainly in fibroblasts and epithelial cells, suggestive of its association in the loss of the lung architecture. Moreover, the expression of TRAIL and its receptor was observed in areas of inflammatory infiltration and active fibrosis (alveolar surfaces), which confirmed the link between FE and epithelial cell apoptosis at the site of initial fiber deposition in the bronchioalveolar duct region. Loreto *et al*.^[@ref29]^ identified the immunohistochemical localization of bcl-2 and bax, correspondingly anti- and pro-apoptotic proteins. Low bcl-2 immunoreactivity and bax up-regulation was observed, demonstrating that apoptosis is an important mechanism for removing cells with irreparable FE induced genetic changes that predispose them to a neoplastic evolution. Another study using an *in vivo* sheep model was performed by Musumeci *et al*.,^[@ref52]^ who studied the overexpression of the phosphorylated retinoblastoma protein (pRb) in alveolar epithelium and interstitium, close to the FE fibers, suggesting that the up-regulation of pRb could be a programmed response to protect the organism against uncontrolled cell proliferation. Finally, the overexpression of Fibulin-3 in lung of sheep suggested that the Fibulin-3 may reflect a defensive response of the tissues after exogenous stimuli and may be implicated in cancer development, especially in the context of FE contamination.^[@ref18]^ FE fibers are recognized as responsible for acute oxidative stress and inflammation that persist over time and contribute to chronic fibrosis, MM and probably lung cancer.^[@ref12],[@ref22]^

![A) Higher magnification of MIF immunohistochemical expression in exposed sheep section (magnification 400x). B) Higher magnification of HO-1 immunohistochemical expression in exposed sheep section (magnification 400x).](ejh-64-2-3073-g002){#fig002}

![Morphometric analysis for MIF and HO-1 in exposed and not exposed sheep.](ejh-64-2-3073-g003){#fig003}

![HO-1 and MIF protein levels in human primary lung fibroblasts unexposed or FE-exposed for 72 h. Representative immunoblotting of HO-1 and MIF expressions (A). Results of three independent immunoblots are represented as percentage of HO-1 (B) and MIF (C) proteins with respect to untreated cells (\*P\<0.05; \*\*P\<0.01 compared to control).](ejh-64-2-3073-g004){#fig004}

Similarly, asbestos-like fibers, *i.e*. as Libby fibers, have already been shown to cause HO-1 up-regulation, both *in vivo* and *in vitro*,^[@ref39]^ suggesting a preeminent role of this enzyme in acute and chronic inflammation, in response to asbestos-induced oxidative stress and lung injury.^[@ref40],[@ref75]^

The results of this study demonstrated an HO-1 diffuse increased expression in lungs exposed to FE fibers, suggesting a reactive defense mechanism of this organ against FE fibers insult. Furthermore, *in vitro* studies demonstrated a correlation between the level of ROS production and HO-1 expression.^[@ref39]^

The fibers themselves and ROS are known to induce an inflammatory cytokine release by FE,^[@ref13],[@ref15],[@ref28]^ causing the recruitment of inflammatory neutrophils in an attempt to clear the foreign fiber.^[@ref77],[@ref78]^

Inflammatory cells and mediators are essential components in the tumor microenvironment and play decisive roles in the initiation, promotion, and progression of cancer.

The present research highlights for the first time protective and defensive mechanisms after lung injury in an animal model exposed to FE that can simulate biological behavior in human lung tissue. MIF and HO-1 expression seem to play a role in lung self-protection against uncontrolled chronic inflammation and thus counteracting the strong link with cancer development. Even if the cancerogenic role of FE has been already demonstrated,^[@ref26]^ the relationships occurring between the documented results and development of pleural malignancies remain to be furtherly ascertained.

Understanding these action mechanisms seems to be essential both for determining induced effects after lung exposure to FE and for preventing tumorigenesis, as well as for defining new therapeutical approaches. Naturally, further studies will be conducted *in vitro* and *in vivo* in order to add more information about FE toxicity pathways.
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